A number of observers have argued that increasing energy efficiency and reducing energy consumption is a cost effective means of reducing energy sector carbon dioxide emission which are implicated in global warming. This paper provides the results of a detailed evaluation of BC Hydro's Energy Star windows program which encouraged home builders, contractors and home owners to use energy efficient windows in new construction and retrofits. The paper is based on engineering modelling informed by on-site audits of residential dwellings and by time-series modelling. We estimated energy and demand savings using engineering algorithms and RESFEN simulation software. The estimated savings were as follows: (1) electricity energy savings 6.6 GWh for first year and 13.3 GWh for second year; (2) electricity demand savings 1.4 MW for first year and 0.9 MW for second year; (3) gas energy savings 75.9 TJ for first year and 151.8 TJ for second year; (4) gas demand savings 393.9 GJ per day for first year and 785.8 GJ per day for second year.
Introduction
A number of observers have argued that increasing energy efficiency and reducing energy consumption is a cost effective means of reducing energy sector carbon dioxide and other greenhouse gas emissions which are implicated in global warming. Voluntary standards and labeling are market-based instruments which have been promoted as an effective means of increasing energy efficiency. The Energy Star program develops and promotes standards and labelling for energy efficient products, such as energy efficient windows.
Many utilities in North America are promoting energy efficient building shell measures to: (1) respond to directives from utility regulators that all cost effective energy conservation measures be pursued; (2) postpone costly generation, transmission and distribution investments; (3) maintain reliability by reducing peak demand; and (4) provide value to their customers.
A number of studies have focussed either in whole or in part on energy efficient windows, including the impact of energy efficient windows on energy loads ( [1] - [23] ). Some studies considered energy requirements for space conditioning and the efficiency with which these loads are met. These studies have found find that the key drivers of space conditioning loads are: (1) thermal bridging through ground contact, the opaque envelope, and the windows; (2) infiltration of outside air; (3) external temperature; (4) solar radiation absorption and reflection; and (5) set-point temperature, set-back temperature and internal gains.
Analysis in applied work is typically based on either bin-type models such as HOT-2000 or on hourly simulation-type models such as DOE 2.1 or RESFEN. These models are used primarily to model space conditioning loads (heating, cooling) as well as the interaction between space conditioning loads and ancillary heat sources such as lighting and appliances. Simple engineering algorithms based on survey information are used to model secondary loads including water heating, ventilation, lighting, refrigeration and plug loads as inputs to these whole building models.
This study evaluates BC Hydro's Energy Star windows program and it makes three main contributions. First, it is one of the few studies of the residential windows market to comprehensively examine the economics of the residential windows market. Second, it uses detailed on-site and survey information to accurately model unit energy savings using appropriately engineering software. Third, it applies detailed time-series modelling to determine incremental installation of Energy Star windows for both the new construction and the retrofit windows markets.
An outline of this study is as follows. Section 2 summarizes the Energy Star Windows program and presents the data and methods used, including summaries of the engineering field work and the statistical modelling. Section 3 presents the study results, including unit energy and peak demand savings and program-level energy and peak demand savings. Section 4 provides the study conclusions. Manufacturer and Retailer Support. BC Hydro undertook a variety of activities to provide education and training for trade allies on the advantages and benefits of Energy Star windows. The majority of this activity was through face-to-face discussions supported by sales kits. The outcome of this activity was trade ally staff trained and appropriate materials made available to trade allies.
Data and Method

Program Description
Advertising and Other Promotions. BC Hydro had previously undertaken extensive promotion of the Energy Star label, so that it was possible to leverage both this awareness of the Energy Star brand and consumer awareness of the advantages and benefits of energy efficient windows for the current windows promotions. Specific sub-activities included mass advertising to raise customer awareness and drive customers to the BC Hydro website or to the call centre for further information, cooperative advertising with manufacturers, point of purchase materials and contests. The outcome of this activity was increased customer interest and familiarity with Energy Star windows.
Manufacturer Windows Incentive. In earlier BC Hydro window programs, BC Hydro co-funded incentives of the purchase of energy efficient windows. In the current program, BC Hydro works with manufacturers to encourage them to offer their own incentives, and this price break is reinforced due to BC Hydro's efforts which led to the elimination of the provincial sales tax on Energy Star windows. The outcome of this activity was reduced customer first costs for Energy Star qualifying windows. This improved the potential pay-back period for those installing Energy Star windows. Table 1 provides a summary program logic model for the Power Smart Renovation Rebate and New Home Windows Initiative, which is based on the program activities outlined above. For each of the four sets of activities, the summary logic model documents the chain from inputs to outputs to purposes to goals. In other words, the model says that at each level of the logic if the assumptions are met, then the next level of the logic will be achieved. Our assessment is that each of the logic chains is plausible and realistic. We therefore conclude that the program has a valid and realistic program rationale.
Unit Energy and Demand Savings
Unit energy savings are typically estimated using one of the four methods of the IPMVP. Method A involves isolation of the retrofit and measurement of a single key parameter such as hours of use. Method B involves isolation of the retrofit and measurement of more than one parameter such as hours of use and watts. Method C involves a whole facility or sub-facility and measurement of total energy consumption. Method D involves a whole facility or a sub-facility and simulation of energy use using bin-type or hourly-type simulation models. For this study, Method D was viewed as appropriate. Unit energy savings per square foot were based on 36 sets of simulations of energy use using RESFEN 5.0 software. The inputs to the RESFEN models were based on site visits to residential dwellings to collect information on dwelling size, geometry, insulation, fenestration products including windows and doors, appliances and equipment, space heating, water heating, air conditioning, ventilation, and occupancy.
Program Energy and Peak Demand Savings
Electricity energy savings were estimated using algorithm (1) , where ΔGWh i is monthly program energy savings for region i; Total Units i is the program induced square footage per month; Share i is the share of region i in the total; and Unit Energy i is annual unit electricity savings for region i. 
Electricity demand savings were estimated using algorithm (2) , where ΔMW i is peak demand program energy savings for region i; Total Units i is the total number of program induced square footage per month; Share i is the share of region i in the total; and Unit Peak Demand i is peak demand electricity savings for region i.
ΔMW i = Total Units i · Share i · Unit Peak Demand i (2)
Natural gas energy savings were estimated using algorithm (3), where ΔTJ i is monthly program energy savings for region i; Total Units i is the program induced square footage per month; Share i is the share of region i in the total; and Unit Energy i is annual unit natural gas savings for region i.
ΔTJ i = Total Units i · Share i · Unit Energy i
Natural gas demand savings were estimated using algorithm (4), where ΔGJ i is peak day demand program natural gas savings for region i; Total Units i is the total number of program induced square footage per month; Share i is the share of region i in the total; and Unit Peak Demand i is peak day natural gas demand savings for region i. 
Windows Sales Impact Model
Microeconomic theory suggests that the demand for a product depends primarily on three factors: an activity variable such as income or output; a price variable such as the unit price for the product; and the prices of a substitute product. Often the ratio of the own product price to the substitute product price is used as the price variable and we do so here. We assume below a linear demand function for Energy Star windows where the quantity variable is the area of glazing in thousands of square feet, the activity variable is the number of housing starts in thousands, and the price variable is the ratio of Energy Star price per square foot of glazing to non-Energy Star price per square foot of glazing. We use information for the twelve-year period from F1998 to F2009. For the earlier years in the period, the Energy Star specification was not developed, so we use as a proxy windows that at a minimum were low emissivity and thermally broken.
We use regression analysis to separately model the program impact on incremental installation of energy Star windows in new homes, in renovations and for the total market in Equation (5), Equation (6) and Equation (7) respectively. We also model the supply side of the model using Equation (4) .
Equation (5) Equation (6) (6) Equation (7) says that the total incremental area of Energy Star glazing is a linear function of a constant term, the number of new housing starts in thousands of units, the price ratio of Energy Star windows to non-Energy Star windows, a program variable and an error term.
TArea t = α 3 + β 3 Starts t + γ 3 Priceratio t + δ 3 Program t + ε 3t (7)
Equation (8) says that the price ratio for Energy Star windows is a function of a trend term, the program variable and an error term. 
Cost Effectiveness
We examined the cost effectiveness of Energy Star windows in terms of the pay-back period disaggregated by main space heating fuel and by climate zone, where we initially focus only on energy savings. The incremental unit technology cost is the estimated cost of improving the base window to the Energy Star standard for the climate zone. The unit program cost is total program cost divided by the incremental number of units. The value of electricity savings is the product of electricity savings times the average residential price of electricity ($0.066 per kWh) for BC Hydro customers. The value of natural gas savings is the product of natural gas savings times the average residential price of natural gas ($7.94 per GJ) for Terasen customers. The pay-back period is defined by Equation (9) for electrically heated homes and Equation (10) for natural gas heated homes, and note that i indexes the climate zone.
Pay-back i (electricity) = Incremental cost i /Value of annualenergy savings i (9)
Pay-back i (natural gas) = Incremental cost i /Value of annual energy savings i (10) Note. 10%, 5% or 1% significance is represented by one, two or three asterisks.
Results
Energy Star Window Sales
Model (2) has an R-squared value of 0.99, with the regression coefficients all statistically significant. The key finding is that the Power Smart windows program increased the Energy Star glazing area by 721,000 sq. ft. in the first program year and by 1,442,000 square feet in the second program year, for renovations.
Model (3) has an R-squared value of 0.98, with the regression coefficients all statistically significant. The key finding is that the Power Smart windows program increased the Energy Star glazing area by 2,440,000 sq. ft. in the first program year and by 4,880,000 square feet in the second program year.
The results for the estimated supply curve are shown in Table 3 . Model (1) has an R-squared value of 0.72, and two coefficients are statistically significant. The key finding is that the Energy Star windows prices fall by about 2.2% per year. 
Energy Savings
The first step in estimating unit energy and demand savings was to examine dwelling characteristics based on information from the program database (including site visits), the participant survey, and the BC Hydro residential end use survey. Since some 93% of survey participants stated that they lived in single family dwellings, we assumed for modelling purposes that the modelled dwellings had the characteristics shown in Table 4 . These characteristics were based on building audits which collected site visit information. For each Energy Star zone, we assumed that the dwelling was single detached, construction was wood frame, that average area was 2,500 square feet, that the window are was 375 square feet, that the furnace efficiency for natural gas heated houses was 78%, that windows were equally distributed on all sides of the dwelling, and that insulation levels varied by Energy Star climate zone (for wall insulation: Zone A = R7, Zone B = R7, Zone C = R14 and for ceiling insulation: Zone A = R22, Zone B = R30, Zone C = R30).
Windows characteristics were based on information from the program database, the participant survey, the BC Hydro residential end use survey and the RESFEN defaults. We assumed for modelling purposes that the modelled windows had characteristics shown in Table 5 .
For each Energy Star zone, we assumed that existing window characteristics were as follows: vinyl frame; cleat double glazing; no low emissivity coating; no argon or krypton gas fill, U-value of 2.73. We assumed that Energy Star windows were just adequate to meet the Energy Star standard with window characteristics as follows: vinyl frame; clear double glazing; low emissivity coating; argon or krypton gas filled; U-values of 1.87 in Energy Star Zone A, 1.71 in Energy Star Zone B and 1.57 in Energy Star Zone C. Six basic scenarios were modeled depending on foundation type and number of stories in the dwelling. The six scenarios were: (1) slab on grade, 1 story; (2) slab on grade, 2 story; (3) crawl space, 1 story; (4) crawl space, 2 story; (5) basement 1, story; and (6) basement, 2 story. The six basic scenarios were modelled for electricity and natural space heating fuels and for each of the three climate zones for a total of thirty-six scenarios. Table 6 summarizes unit energy savings results. Note that the base for electricity savings is 100% of glazing, since all dwellings have electricity, but the base for natural gas savings is 84% of glazing, because 84% of dwellings have natural gas or other as the main space heating fuel. Table 7 presents the estimated savings results. These estimated savings were as follows: (1) electricity energy savings 6.6 GWh for first year and 13.3 GWh for second year; (2) electricity demand savings 1.4 MW for first year and 0.9 MW for second year; (3) gas energy savings 75.9 TJ for first year and 151.8 TJ for second year; (4) gas demand savings 393.9 GJ per day for first year and 785.8 GJ per day for second year. Table 8 provides the results of the payback analysis. For electrically heated houses, the pay-back period is 2.9 years in Zone A, 1.6 years in Zone B, 1.7 years in Zone C., with an average of 2.8 years. For natural gas heated houses, the pay-back period is 4.9 years in Zone A, 2.7 years in Zone B, 3.0 years in Zone C, with an average of 4.4 years. 
Payback Analysis
Conclusion
The study has four main conclusions. First, based on detailed interviews with stakeholders and a review of program documents and files, four main program activities were identified and examined in detail to develop a detailed shared understanding of how the program worked. These included: (1) Window Certification Support; (2) Manufacturer and Retailer Support; (3) Advertising and Other Promotions; and (4) Manufacturer Windows Incentive. A valid and robust summary logic model documents the chain from inputs to outputs to purpose to goals, and this demonstrates that the program rationale is sound. Second, we built a two equation market model of the residential windows market. The key demand side finding is that the Power Smart windows program increased the Energy Star glazing area by 2,440,000 sq. ft. in the first program year and by 4,880,000 square feet in the second program year. The key supply side finding is that the Energy Star windows prices fall by about 2.2% per year.
Third, we estimated energy and demand savings using engineering algorithms and RESFEN simulation software. These estimated savings were as follows: (1) electricity energy savings 6.6 GWh for first year and 13.3 GWh for second year; (2) electricity demand savings 1.4 MW for first year and 0.9 MW for second year; (3) gas energy savings 75.9 TJ for first year and 151.8 TJ for second year; (4) gas demand savings 393.9 GJ per day for first year and 785.8 GJ per day for second year.
Fourth, we estimated the payback period by space heating fuel and by climate zone. For electrically heated houses, the pay-back period is 2.9 years in Zone A, 1.6 years in Zone B, 1.7 years in Zone C., with an average of 2.8 years. For natural gas heated houses, the pay-back period is 4.9 years in Zone A, 2.7 years in Zone B, 3.0 years in Zone C, with an average of 4.4 years.
